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SUMMARY

Schlierenphotographshavebeencompiledofthetwo-dimensionalflow
attransonicspeedspast37airfoilshavingvsriously shapedprofiles,
someofwhicharerelatedandvaryinthiclmessandcamber.Thedatafor
theseairfoilswereanalyzedtoprovidebasicinformationontheflow
changesinvolvedandto determinefactorsaffectingtransonic-flowattach-
ment,whichisa transitionfromseparatedtounseparatedflowatthe
leadingedgesoftwo-dimensionalairfoilsat fixedanglesofattackas
thesubsonicMachnumberisincreased.

—
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INTRODUCTION.

A transitionfromseparatedtounseparatedflowon
airfoilsatfixedanglesofattackwasobservedin some

two-dimensional
previoustests

(refs.1 and2) at subsonics~edsas theMch numberwa;increased,
andthistransitionisreferredtohereinasthetransonic-flowattach-
ment. Thisphenomenon,oreffectsofit,hasbeenobservedintests
ofwingsat supersonicspeeds(ref.3)andin investigationsoftwo-
dimensionalunsteadyflowattransonicspeeds(ref.4). Additional,but
uncorrelated,informationhasbeenobtainedinvarioustivestigations
suchasreference~. Also,theflowchangewasdiscussedbrieflyin
reference6.

Previousworkhasshownthatnotonlydoundesirableforceand
momentchangesoccurattransonic-flowattachment(refs.1 and5)but
alsotheattachmentcanbe accompaniedby unsteadyflows(ref.4). A
studyofthefactorsaffectingthisflowchangehas,therefore,been
undertaken.

A compilationwasmadeofdataon37relatedandmiscellaneous
shapesoftwo-dimensionalairfoilstestedatanglesofattackfrom0°
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conditions.Thesedatawereanalyzedtoprovidea —
theflowchangeinvolvedintransonic-flowattach.
affectingthechange. y

EWMBOLS

pressurecoefficient,
(Localstaticpres&re)- (Free-streamstaticpressure)

(Free-streamdynamicpressure)

chordofairfoil

designsectionliftcoefficient(incompressible)

sectionpitching-momentcoefficientmeasuredaboutquarter-
chordaxis

sectionnormal-forcecoefficient

free-streamMachnumberuncorrectedfor~et-boundaryeffects

leading-edgeradius

maximumthicknessofairfoil

distancealongchord

ordinateofcamberline

angleofattack,deg

a- ()arctan =
dx 0.075C

Subscripts:

att condition

cr critical,

attitudeofforebody

fortransonic-flowattachment

correspondingto Mz = 1.0

f flow-fieldmeasurementsfromstatic-pressureorificesin
tunnelwallatendofmodel

1 local,as onmodelsurface
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Previousattemptsto correlatedatafromvarioustwo-dimensional
transonicfacilitieshaveindicatedthatnumericaldifferencesexist
inanunsystematicmannerbecauseofvariousfactorsinvolvedinthe
tests.Thesefactorswe Reynoldsnumber,humidity,tunnel-boundary
conditions,andtestingtechniques.As a consequence,itwasconsidered
desirablethatthecompilationbemadefromresultsobtainedinfacilities
thatwerecloselyrelatedeventhoughtheyhaddifferenttest-sectioncon-
figurations.ThefacilitiesattheLangleyLaboratoryfromwhichdata
fortwo-dimensionalmodelswereavailableareshowninfigure1.

TheLangleyrectangularhigh-speedtunnel(ref.1)wasa two-
dimensionalclosed-throatfacilityutilizingcompressedairinan induc-
tionjetto induceatmosphericairto flowthroughthe4-by 18-inchtest
section.(Seefig.l(a).) ThedatafromthisfacilityweresubJectto
moisture-condensationeffects,to chokingoftheflow,andto jet-
boundarycorrections.The~et-boundarycorrectionsproduceda corrected
Machnuniberhigherthantheindicatedvalue.TheReynoldsnumberinthis
tunnelata Machnumberof0.8fora 4-inch-chordmodelwasapproximately
1.2X 106.

Theclosed-throattunnelwasrevisedintoa two-dimensionalopen-
throatversion(fig.l(b))havinga 4-by lg-inchtestsection.(See
ref.5.) Thisfacilityutilizedtheinductionnozzleto induceairto
flowthroughthetestsectionbutwashousedwithina roomin orderto
alleviatethehumidityor condensationproblemsto someextent.(See
ref.7.) Theopenboundariesaboveandbelowthemodelchangedthe
magnitudeanddirectionofthejet-boundsryeffectsandeliminatedthe
usualchokingrestriction.(Seeref.5.) TheMachnwibercorrection
forjet-boundaryeffectsforthisfacilitywasindicatedinreference5
tobe small.

Inorderto eliminatethecondensationproblem,thetunnelshown
infigurel(b)wasrevisedto operateontheblowdownprinciplefrom
compresseddryair(dewPointof-60°F) as showninfigure1(c). (See
ref.7.) Althoughthestagnationpressureinthisversioncouldbe
variedfrom15to 32lb/sqin.abs,thetestswereusuallyconducted
ata stagnationpressureof20 lb/sqin.abs. ThecorrespondingReynolds
numberata Machnumberof0.8ona k-inch-chordmodelwasapproximately
2 x 10!

ThemaximumMachnumberlimitationof1.0inthesemiopentunnelwas
overcomeby constructinga transonicversionwithslottedwallsaboveand
belowthemodelas showninfiguresl(d)andl(e).Thetestsectionwas
4 inchesby19inches.Thistransonicfacility,theLangleyairfoiltest
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apparatus,couldbe operatedat stagnationpressuresfromabout22
to40 lb/sqin.abs. Testswereusuallyconductedon4-inch-chordmodels
at a stagnationpressureof26lb/sqin.absanda Reynoldsnumberof

v

2.8x 106ata Machnumberof0.8.

Thecomparisonofdatafromtheclosed-throattunnel(fig.l(a))
withdatafromtherevisedfacility(figs.l(b)to l(e))is subjectto
errorbecauseofthedifferenceinmagnitudeanddirectionofthe~et-
boundarycorrectionswhich,foran incompressibleflow,areas follows:

Jet-boundary Closedthroatcorrection Openthroat

%orrected 1.012Mte8t “ %est

acorrected %est + o“09% %est - 1.87cn

Thesourceofa moreseriouserroristheeffectofchokingonthe
flowintheclosed-throattunnel.Becauseofthecloseproximityofthe
Machnumbersforflowattachmentandforchoking,someofthepublished
datafrom testsintheclosed-throattunnel(fig.l(a))arenotpresented.
Datapresentedhereinareuncorrectedandareinaccordancewithpublished ,
resultsfromthesefacilitiesbecausenoreliablemeansofcorrectingthe
dataexists.(Seerefs.1 and5.)

.

MODELS

Theairfoilshapesincludedinthiscompilationofdatame presented
intableI. Theshapesincludesymmetrical-wedgeandcircular-~cpro-

—

files,flatplateswithroundedleadingedges(ref.8),NACA16-series
airfoils(ref.9),NACA6-seriesairfoils(ref.10),6-digit-seriesair-
foils(ref.11),andhigh-liftairfoils(ref.1.2).Additionalinformation
ontheleading-edgeradiusandthefacilityinwhichtheairfoilshaving
roundedleadingedgesweretestedispresentedintableII. Thechord
lengthof eachmodelwask inchesexceptforthe13-w-6.6and
2O-W-1Omodels(tableI). Thesemdelsweremadeby cuttingoffportions
ofthe1O-W-5model.

.

*
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RESULTSANDDISCUSSION

GeneralDescriptionofFlowChange

Figure2,whichisfrcmreference1, showstheflowpasta double-
wedgeairfoil(referredtoas lS-(70)(05)-(70)(03)inref.1 andas
6-w-7herein)atvarioussubsonicMachnumbersinthetestfacility
showninfigurel(a).Transitionisobservedfromseparatedflowat
Machnumbersbelow0.75to unseparatedflowatMachnumbersof0.77and
higher.Theflowchangethatoccursata Machnumberofapproximately
0.76Iscalledhereinthetransonic-flowattachment.Thisflowattach-
mentwasfirstobservedinthefacilityshowninfl.gurel(a)athigh
subsonicMachnumbersonairfoilshavingshsrpleadingedgesoronthe
supersonictypeofairfoils(ref.1)as showninfigures2 snd3. Fig-
ure4 (fromref.1) showsthattransonic-flowattachmentalsooccurson
airfoilshavingroundedleadingedges.

EffectofFlowChsngeonForces

Forcedataonairfoilsshowa variationintheeffectsofthe
leading-edgetransonic-flowattachmentontheaerodynamiccharacteristics.
(Seerefs.1, 5,and8.) Thevariationsineffectsextendfromnochange
to a significantchange(ref.1). Inallcasesthedirectionofthe
changeisthesameforincreasingMachnuder at a constantangleof
attack.Thedefiniteeffectsonliftareeithera suddenlargeincrease
orthebeginningofrapidincreasesinliftcoefficient,independentof
thelocationoftheterminalshock(shockterminatingthelocalsupersonic-
flowregion)at flowattachment.Forthemomentcoefficients,anabrupt
increaseinthepositivedirectionoccurs.Themagnitudeoftheabrupt
increasefollowingflowattachmentisnaturallydependentonthelocation
oftheterminalshock.Datafora round-edgedflatplate,takenfrom
reference8 andshowninfigure5, illustratethatthemagnitudeofthe
positivebreakinpitchingmomentgenerallyincreaseswithangleof
attack,andtheMachnumberatwhichthebreakoccursalsoincreaseswith
angleofattack.Thelift-coefficientdataathighanglesofattackshow
thepreviouslymentionedcharacteristicofa rapidincreaseinliftat
flowattachment.Theoccurrenceandmagnitudeoftheseforcechanges
accompanyingstrongoverexpansionoftheflowontheairfoilarecon-
sideredundesirable.

FactorsAffectingFlowAttachment

Explanationforflowattachment.-Severalfactorsaffecttheflow
aroundleadingedgesofairfoils;ingeneral.Inthelow-speedrange,
an increaseinMachnumberproducesincreasesintheadversepressure
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gradientand,consequently,contributesto flowseWration*A ~jor
factoraffectingflowtransitionisshownlatertobe theoriginand w
expansionofa regionofsupersonicflowabovethesurfaceofthemodel
withincreaseinfree-streamMachnumber.Sincepressuresarepropagated
atthevelocityof sound,a regionofsupersonicflowimposesan obstruc-
tiontotheforwardpropagationofpressures(ref.13)andproducesa

—

largereductioninupwashapproachingtheleadingedge(refs.14and15).
Thereductioninupwashassistsineliminatingflowseparationfromthe
leadingedge.Thegrowthofthesupersonicregionandtheattainment
of supersonicvelocitiesincloseproximitytotheleadlngedge(for
example,fig.6)establishesa conditionthatpermitsa supersonictype
ofexpansionto occur“aroundthecorner’!formedby theleadingedge.
Thisflowbehavior,initsmostsimpleconcept,iSstilarto a ~andtl-
Meyerturn. Ifthefactorsthataffectflowtransitionareof sufficient
magnitude,theseparationattheleadingedgeiseli~nated”Onairfoils
havingsharpleadingedges,however,a s~ll bubbleof separationrema~s
attheleadingedgeas showninfigure7 andalsoinfigure8 whichare
fromreference2. Theflowaroundthebubble,andinmanycasestheflow
aroundtheroundedleadingedgesofconventionalairfoils,overexpandsand
isdirectedtowardthesurfaceofthemodel.An obliqueshockis,there-
fore,requiredtoredirecttheflowalongthesurfaceofthemodel.The
foremostobliqueshockthatterminatesabovethemodelandisobservedin
someofthephotographsoffigures2 to4 andfigure6 isattributedto
moisturecondensation.Thisshockis identifiedanddesignated“con-

*

densation”infQure7. A transitioninflowwithoutbenefitofupwash
changesoccurswithincreaseinMachnumberattheabruptbendinthe .
surfaceofthedouble-wedgeairfoilatthelocationofmaximumthickness.
(Seefig.9.)

Generaleffectsofairfoilshape.-Thestrengthoftheleading-edge
flowphenomenonorofthetransonic-flowattachmentisusedhereinin
orderto definequalitativelyoneormoreofthefollowingflowcharac-
teristicsinvolvedintransonic-flowattachment:(1)severityorextent
ofleading-edgeseparationbeforeattachment(figs.2,4, and9)
(2)extentordegreeofoverexpansionafterattachment(fig.6),
(3)stre@hoftheobliqueshockresultingfromovere~ansion(figs.‘4
and9) and(4)sizeofthefieldaffectedby thephenomenon(fig.9 and

~ref.1 .

Thestrengthofthephenomenonas indicatedby theextentof
separationat lowspeeds(fig.9(a)~andby thesizeofthefield
affectedafterattachment(fig.9(b)),isshowntoweaken,~d the
phenomenongraduallyfadesoutastheangleofattackisdecreased.
Figure4 showsthatthestrengthofthephenomenon,ata const~tWgle
ofattackoftheairfoil,diminisheswithincreasedbluntnessofthe
leadingedgeoftheairfoil.Thedecreasedstrengthisshownby a
decreaseinoverexpansionandoblique-shockstrengthatMachnumbers
aboveattachmentthatwe accompaniedby a decreaseintheseverityor
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extentofseparatedflowat lowspeeds.Similareffectsofleading-edge
bluntnessareillustratedinfigure10 (testfacilityshowninfig.l(b))
wherean increaseinbluntnessisaccomplishedby increasingtheratioof
thiclmessto chord.(Theleading-edgeradiusisapproximatelypropor-
tionaltothesquareofthethickness.)

Bluntnessitself,however,isnotthema~orcontrollingfactor.In
figureXitheflows(inthefacilityshowninfigurel(b))pastthreeair-
foilshavingthesameleading-edgesha> andthictiessdistributionbut
differentamountsofcambershowthat,ata fixedangleofattack,both
theleading-edgeseparationdecreaseswithticreaseincamberandthe
strengthoftheflowattachmentdecreaseswithan increasein csmber.
(Seeref.8.)FQure 11 alsoshowsthata decreaseinangleofattack
ofa profileresultsindecreasesinthestrengthofthephenomenon,as
wasshowninfigure9. Figure11 substantiatesthepreviousfindings
thata decreaseinlow-speedseparationisaccompaniedby decreasesin
high-speedoverexpansion.

Althoughthevsrietyofflowsshowninfiguren(a) isproducedwith-
outchangesinleading-edgebluntness,theflowchangesareaccompanied
by decreasesintheeffectiveanglesofattackoftheleadingedges.The
lsrgenegativeloadsthatoccurontheleadingedgeofa highlycambered
airfoil,as comparedwiththeloadsonanuncaniberedairfoilat thesame
nominalangleofattack,areevidenceofthedecreasesineffectiveangle
ofattack.Furtherproofofthedependenceofbothlow-speedseparation
andhigh-speedovere~ansiohuponthesameaerodynamicfeatureisprovided
infiguren(b). Theeffectiveangleofattackoftheleadingedgeof
thevariouscamberedairfoilsshowninfiguren(b) isroughlyconstant,
andtheleading-edgeflowseparationisapproximatelyofthessmeextent
onallthreemodelsat lowspeeds.Theattendingdevelopmentandstren@h
ofthetransonic-flowattachmentforthemodelsisalsoapproximatelythe
same.

Thesefiguresshowthat,forairfoilshapesconducivetoextensive
expansionsoftheflowaroundtheleadingedge,largeoverexpansions,re
producedathighspeedsandsubsequentlargecompressionsarenecessary.

Exceptionto generalizedflow.-An exceptiontotheflowgeneralities
presentedhereinisshowninfigure12wherea flowconditionathigh
speedsduplicatesthatwhichwasobservedforotherairfoilsafter–
transonic-flowattachment.Thisflowconditioninfigure12,however,
occursonthelowersurfaceofa camberedairfoil(NACA6hA506)at a low
angleofattackbutatpositiveliftandwithoutanylow-speedseparation
fromthatsurface.(Seerefs.5 and15.)

Themodifiedtransonic-flowattachmentobservedontheNACA64A506air-
foilisproducedby theprincipalcontributingfactorwhichisthedevelop-
mentofa localregionof supersonicflowpreviouslymentioned.The
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movementofthestagnationpointaroundthe
ofcirculation(ref.14)orthedecreasei.n
liftingairfoilwithincreasingMachnumber
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leadingedgeinthedirection
upwashthatoccursona

(See
v

occursherealso.—
ref.15.) Inthiscase,however,thedecreasingupwashisproducedby
thedevelopmentofthesupersonicregionalongthelowersurfaceandis
conducivetoincreasingtheextentoftheexpansionoftheflowaround
theleadingedgeontothelowersurface(ref.15). Theconsequentpro-
gressivelyincreasingaerodynamicangleofattackofthelowersurface
withincreasingMachnumberpermitsa smoothtransitionfromunseparated
flowat lowspeedstoan overe~ndedflowathighspeeds.Theflow
changesinfigure12aredirectlycomparabletothoseattheleadingedge
ofanairfoilsubjectedto continuousincreasesinangleofattackata
constant,buthigh,subsonicMachnuuiberas illustratedby figure13.
(Seealsofig.9.)

Thedevelopmentofthesupersonicregionalongthelowersurface
withincreasingMachnumberthatproducesadditionalincreasesinthe
expansionoftheflowaroundtheleadingedgeontothelowersurfacemust
be accompaniedby reductionsintheextentoftheexpansionsoftheflow
aroundtheleadingedgeontotheuppersurface.Thattheseflowexpan-
sionsexistisshownInfigure14by thereductioninthest~ngthofthe
obliqueshockattheleadingedgewithincreasingMachnuuiberandby the
shockdevelopmentonthelowersurface. a

Effectsofleading-edge.shapeofslabairfoils.-Theeffedtsof
angleofattackonflowattachmentfora blunt2-percent-thickairfoil
(fromref.8)areshownby schlierenphotographsandby corresponding “
pressuredistributionsInfigure15. Thesedatasubstantiatethepre-
viousstatementconcerningtheincreaseinstrengthofflowattachment
withan increaseinangleofattackfrom4°to 8°.

An increaseinthefinenessratiooftheleadingedgefrom1:1to4:1
producesanalleviationoftheoverexpansionatanangleofattackof8°
fortheattachedflows(figs.16and17). Thepressure-distribution
measurementsfortheslabprofilewiththe4:1ellipticalnoseshape
(fig.1.6)indicatea gradualattachment,whencomparedwiththeabrupt
attachmentonthebluntprofile(1:1).An Increaseinleading-edge
finenessratioto10:1causedtheattachmenttobecomeevenmoregradual
thanwasobservedforthe4:1leadingedge. (Seefig.18.) A reduction
intheangleofattackto4°retainedtherelativeeffectsofleading-
edgeshapebutalsoeliminatedseparationandsubsequentattachmenton
thesharpestleadingedge(10:1)as indicatedinfigure19.

Thesedata(figs.2 to19,primarilyfrominvestigationsreported
inrefs.1,5,and8)indicatethat,asthedegreeorextentofflow
separationat lowspeedsdecreases,theoverexpansionathighspeeds “
decreasesandtheMachnumberforflowattachmentdecreases.Thedata
alsoshowthat,astheangleofattackisdecreasedforanygivenprofile,

w
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thetransonic-flowattachmentgraduallyfadesoutat somelowangleof
attack,andtheMachnumberforflowattachmentbecomesindeterminate.

summryofeffectsofairfoilconfiguration.-Theeffectsofthick-
ness,shape,andcamberonMachnumbersfortransonic-flowattachment
arepresentedinfigures20to 22. Datapresentedinfigures20 and21
showtheeffectofangleofattackandthictiessontheMachnumberfor
flowattachment.TheMachnumberforattachmentisusedasa parsmeter
sincethepresenteddata(figs.2 to 19)showthatstrengthor severity
ofattachmentincreaseswithMachnumber.Thesedataillustratethat,
astheangleofattackisincreased,theMachnumberforflowattachment
ontheairfoilincreases.Furthermore,at anygivenangleofattack,
theMachnuniberforflowattachmentdecreasesas theratioofthiclmess
to chordisincreased.

Datagivenforcamberedairfoilsinfigure22 showthatthegeneral
effectsof camberandthickness- similar.Theeffectofceaiber,how-

[
ever,isrelatedtotheattftudeoftineforebodya - arct=(%)o.075J
as showninfigure22andindicatedby thediscussionoffigure11.

Dataona symmetricaldouble-wedgeprofilewithO,25,and50percent
oftheafterbodyremoved(obtainedfromthetestfacilityoffig.l(b)
andgivenInfig.23,andsomedataflromref.16)indicatedthatthe
Machnumberforattachment%sdependentupontheforebodyshapeandthat
theafterbodyofthiselementaryshapehasno significanteffect.Results ,
froIutestsof sharpleading-edgeairfoils(withvariousafterbodylengths
andshapesfromrefs.1, 16,and17)presentedinfigures20(d)and21(b)
showa decreaseintheMachnumberforflowattachmentas theincluded
angleoftheleadingedgeincreases,whichisthesameeffectasthatpro-
ducedbyincreasesintheratioofthicknessto chord(figs.20(a)
to m(c)). Thus,sm increaseintheleading-edgeanglecanbe considered
tobe equivalenttoan increaseintheratioofthicknessto chord.

Thedataonleading-edgefineness-ratioeffectsgivenlnfilnrre21(d)
showthatan increaseintheangleof attackoftheslabairfoilsis
accompaniedby an increaseInthe&ch numberforflowattachmentand,
thus,thedataareinagreementwiththeprecedingresults.Thedata,
however,alsoshowthatan Increaseinthefinenessratioor sharpness
oftheleadingedgeproducesa decreaseintheMachnumberforattachment.
Theseresultsthereforeappeartobe in contradictiontothetrendof
thedatafromfigures2 to 12and21(a)to21(c)whichshowtheeffects
ofthicknessandofleading-edgeangle.Theapparentcontradiction,how-
ever,isbasedontheassumptionthatthereisa continuouslinearvaria-
tionoftheeffectsofleading-edgeshapethroughouttherangeofleading-
edgeshapescoveredby thesedata.Thelinearityornonlinearityof
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curvesoftheeffectsofleading-edgeshapecanbe establishedby
incompressible-andinviscid-flowtheory.

9
Correlationbasedonleading-edgeshape.-Theleading-edgeshapeis,

toa firstapproximation,dependentupontheleading-edgeradius.Since
thedatahaveindicatedthathigh-speedovere~ansionandMachnumberfor
flowattachmentcorrelatewiththeextentoftheflowseparationat low
speeds,a simpleindexforflowseparationwasexaminedasa functionof
theleading-edgeradiusforsymmetricalairfoilsexpressedintermsof .

thethickness.Theoccurrenceofflowseparationisa functionofthe
maxim negativepressurecoefficient.Thevariationofthemaximumnega-
tivepressurecoefficientsin incompressibleflowatanangleofattackof
4°withleading-edgeradiusindexarepresentedinfigure24(a).Thenon-
linearvariationindicatesthata moderatelyshapednose,one that is
neitherbluntnorsharp,producesthelowestvaluesofmaximumnegative
pressurecoefficient.Themoderatelyshapednose,therefore,isless
likelytoencounterflowseparation. .-

TheMachnumbersforflowattachmentforairfoilsatanangleof
attackof4° srepresentedasa functionofleading-edge-radiusindexin
figure24(b).(Dataoffig.2~(b)arefromrefs.1,5,and18andfrom
fig.20.) Thesedatashowa nonlinearvariationintheMch numberfor
attachmentwiththeleading-edge-radiusindexthatissimilartothe
variationoftheresultsfora theoreticalpressuredistribution.The .
datafromvariousinvestigationsontheeffectofleading-edgeshapeon
Machnumberforflowattachmentandonoverexpansionare,therefore,in
agreementandindicatethatanairfoilhavinga moderatelyshapedleading u
edgewillalleviateseparationandreducetheadverseeffectsoftransonic.
flowattachment.Similartrendsareshownby thedatainfigure25 for
anglesofattackgreaterthan4°.

TheMachnumbersforattachmentfortheNACA2-(XI6airfoil

k)r 1/2
T = 0.3661 areveryhighinfigure25. Thisairfoilwithits

bximumthickne;snearthe13-percent-chor&station(ref.12)represents
a markeddepartureinshapefromtheotherairfoilsrepresentedinfig-
ure3 andintableII. Inaddition,theleading-edge-radiusindexused
(theabscissa)istooelementarytoaccountforeffectsofmarkedchanges
inairfoilshapeonthepressuresandconsequentlyontheMachnuniberfor
attachment.Theindexalsodoesnotfullyaccountfortheeffectsof
changeinthethickness-chordratiobetweenairfoilsofdifferentfamilies,
sinceintheanalysisa trendwasobsemedatan approximatelyconstant
indexfortheMachnumberofattachmentto decreasewithincreasesin
thickness-chordratioandtherebytocontributeto scatterinthedata
offigure~. .

Effectoftestingtechniques.-Duringtheanalysis,dataforSOIM
models,suchastheNACA2-006airfoil(fig.25),wereobservedtodeviate w
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considerablyfromthegeneraltrends;consequently,sometestsoriginally
madeinthe4-by 19-inchsemlopentunnel(fig.l(c))werereruninthe
airfoiltestapparatus(fig.l(d)).ComparisonsoftheMachnumbersfor
transonic-flowattachmentobtainedfromthetestsinthetwodifferent
facilitiesshowedagreementwithinti.02.(Theaccuracyinreadingthe
MachmeterwastO.01.)

Someofthedatarepresenttestsona givenmodelatdifferentden-
sitiesthatcorrespondtoa twofoldchangeinReynoldsnumberfrommini-

mumvaluesof1.4x 106 to 1.7x 106. These resultsshowedthatthe
changesinReynoldsnumberhadno effect.Testsonmodelswithroughness
stripsextendingfromthe5-to 10-percent-chordstationsalsoshowedno
effectofchangeinReynoldsnumber.Theroughnessformedby No.l&l
carborundwngrainsincreasedtheMachnumberforattachmentby about0.03.
Increasingthesizeoftheroughnessby usingNo.60 Carborundumgrains
producedanaddedincrementinMachnumkerforattachmentofabout0.03.
Theseeffectsofroughnesscanbe attributedtoa simplespoileraction
oftheCarborundumgrains.

ComparisonofConditionsforAttachmentand

forShock-hducedSeparation

TheboundariesofangleofattackplottedagainstMachnumberfor
trsmsonic-flowattachmentfromfigure20(a)forNACA64A-seriesairfoils
ofvariousthickness-chordratiosareshowninfigure26togetherwith
theboudariesforshock-inducedseparationoftheflowobservedonthese
airfoilsandobtainedduringtheanalysisforreference19. Thesedata
andalsotheroughboundarieswheretheflowwasobservedin schlieren
photographsto separatefromtheleadingedgearepresentedinfigure27
ina moreconventionalmannerofangleofattackplottedagainst~ch
number.Thispresentationisanapproximationofnormal-forcecoefficient
piottedagainstMachnumber,as indicatedby figure28. An@e ofattack
isusedas a parametersinceitsrangeforscblierenphotographsexceeds
thatoftheaero@mmi.cforcedata(ref.5).

Infigure29 theaforementionedboundariesandsomeotherpertinent
dataarepresentedsepsratel.yforeachairfoilofthefourthicknesses.
Forall.theairfoils,ata givenangleofattack,transonic-flowattachment
occurswithan increasein~ch nuniberafterleading-edgeflowseparation
isestablishedandisinaccordancewithpreviousdiscussions.Forthe
6-percent-thickairfoilanunsteady-flowboundary,obtainedbyUSi~ the

methodsofreferencek onthedataofreference20,showsthatunsteady
flowsoccurundertheconditionsof simpleleading-edgeflowseparation
or shock-inducedseparationat M . 0.8,aswouldbe expectedfromref-
erence4. Themostimportantinformationprovidedby figure29 is shown
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fortheNACA6kAOO&airfoilatMachnumbersofapproximately0.75and
anglesofattackbetween4° to6°. Thedatashowthatflowattachment
occursandisfollowedby an IncreaseInMachnumberbeforeboundary.
layerseparationisproducedby compressionshocks.Similarbehavior
isshownby thedataforthe6-to 9-percent-thickairfoils,although
thetransonic-flowattachmentisweak.DataforanNACA16-006airfoil
(fig.30)alsoprovideconfirmationthatshock-inducedseparationand
leading-edgeflowattachmentarenotnecessarilyrelated.At highangles
ofattackwherethetendencyforflowseparationIsgreatandthecom-
pressionshocksareverystrong,shock—boundary-layerinteractionmight
havesomeeffects.(Seefig.13.) Shock—boundary-layerinteractionis
statedtobe a factorofpossibleInfluenceonflowattachmentin
reference21.

TypesofFlowAttachment

An examinationofmanyschlierenmotionpicturesoftheflowpast
airfoilsat constantanglesofattackbutwithcontinuouslychangingMach
numbersshowedvariationsintheflowbehavioratattachment.Thevaria-
tionsextendedfromanabruptchange(fig.31)througha gradualattach-
ment(fig.17)toan oscillatoryattachment(figs.32and33). Successive
framesinthestripsofmotion.picturefilmarepresentedinfigures31
to 34,andthecomputedchangeInMachnumberbetweenthesesuccessive
framesisbetween0.0001and0.0004.Theabruptattachment,aspreviously
stated,broughtaboutabruptchangesinnormalforce(fig.5). Theoscil-
latoryattachmentobservedovera rangeofM-clnumberswasgenerallyfol-
lowedby an intervalinspeedwhereinthepositionoftheshockandthe
separationpointontheairfoilsurfacemovedbackandforth(fig.22).
Theoscillato~attachmentandthemovementoftheshockandseparation
pointconstituteunsteadyflowconditionsthatareshowninreference4
to contributetobuffeting.

.

A decreaseinbluntnesswasobservedinthephotographsofflowfor
NACA2-006and4-oo6airfoilsto causean increaseintheMachnumber
rangeofoscillatoryattachment.Similarresultswereobservedinthe
datafortheNACACX209-54and0009-64airfoilsaswellasfortheslab
airfoilswithleadingedgesofvariousfinenessratios.Dataforthe
slabprofiles(figs.15to19)alsoshowedthattheincreaseinMachnum-
berrangeforoscillatoryattachmentwasaccompaniedby a softeningora
changetoa moregradualtypeofattachment.Thechangewasa result of
thesmallchordwiseextentofsupersonicflowandoftheslowrearward
movementoftheterminalshock.Thedifferericesobservedontheprofiles

—

with4:1and10:1leadingedgesweresmall.Theslabprofileshave
leading-edge-shapeindexesbetweenapproximately0.7and0.2. (See
tableII.) --

.
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Althoughabruptattachmentoccurredonthemostbluntprofile
(leading-edgeradiusindexof0.7,fig.15),italsooccurredonthe* sharpestprofile(leading-edgeradiusindex0, fig.2). Thechange,
therefore,fromabruptto oscilMtoryto gradualorweakattachmentby
eithersharpeningofbluntprofilesorbluntingofsharpprofilesparal-
lelsthepatternofthestrengthofthephenomenon(figs.24and25).
Themoderatelyshapedleadingedge,consequently,appearstobebenefi-
cial,notonlyinminimizingboththeprobabilityofseparationfromthe
leadingedgeandstrengthofsubsequenttransonic-flowattachment,but
alsoinrelievingtheabruptnessofthechangeandtheviolenceofthe
oscillations.

Thedataforthecamberedairfoils(fig.22)showthattheMachnum-
berrangeforoscillatoryattachmentincreasedwithangleofattackfor
anygivenprofile.Therangealsoincreasedwithincreasesinpositive
designliftcoefficient.Thepracticalaerodynamicsituationisexag-
geratedinthiscomparisonat fixedanglesofattack.Fora givenlift
coefficientandconsequentlylowerangleofattack(ref.5),cambered
airfoilscanencountera moremildattachmentthandothesymmetrical
orless-caniberedairfoils.(Seefig.hand ref.20.) Theincrease
inrangeatanygivenangleofattackisaccompaniedby a decreaseof
theMachnumberatwhichtheoscillationsstart.WhentheMachnumber
ofattachmentapproaches0.6,however,theattachmentiseitherweakor
ofthegradualtype(u. 8° in fig.22(a)and a = 10° infig.22(b)).

Thesedata(fig.22)shbwthatincreasesintheconvexityofthe
. surfacefora givenleading-edgeshapehavea stronginfluenceonthe

increasesfortheMachnuniberrangeof oscillatoryflowattachment.
Dataon symmetricalairfoilsoftheNACX16-serieshavingmoderately
shapedleadingedgestendto confirmthisresult.Theincreasein
thicknessfrom6 percentto K!percentchordincreasedthesurfacecon-
vexityandtripledtherangeofoscillatoryattachment.Thisbehavior
is similartothemovementoftheshockandseparationpointalongthe
surfaceofNACA6~-seriesairfoils,asaffectedbythethickness.(See
ref.4.) Testsoftwoslabairfoilsrepresentinga threefoldchangein
thickness-chordratiobuthavingthessmeleading-edgeprofileandsur-
facecurvatureshowedno effectsofthicknessontheoscillatoryrange.

ExplanationofOscillatoryAttachment

Whenflowattachmentstarts,theairhasa momentumcomponent
directedtowardthesurfaceofthemodel,as indicatedby theover-
expansionaroundtheleadingedge(fig.32),and,momentarily,an unsep-
aratedflowcanbe established.Theattachmentproducesa largeincrease
inmaximumlocalMachnuniber(figs.6,15,16,and18)thatisaccompanied.
by a correspondingincreasein shockstrength.Thestrongshockwiththe
addedinfluenceofthesurfacecurvatureandtheaccompanyinglargeback

*
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pressurecancausetheflowto separate,atleastlocallyunderthefoot
oftheshock,andtheinfluencecanprogresstotheleadingedge,possibly
inan impulsivemanner.Theresultingseparationcausestheflowtorevert

4

totheinitialconditionof separatedflowfromtheleadingedge.With
theinfluenceofshock-inducedseparationspentandwiththeoriginalcon-
ditionsofreducedupwashandlocalsupersonicflowstillpresent,the
cyclestartsagainwithreattachment.Thesituationobviouslyrepresents
analternatingunbalancebetweenlargepressurerisesthatexceedthe
largevaluesrequiredto separatea flowandsmallpressurerisesthat
aretoosmalltomaintaina separatedconditioninthepresenceofa
supersonicflow withitsabilityto flowarounda corner.Interaction
betweenshockandboundarylayeris,thus,themajorfactorthatcontrib-
utestotheoscillatorynatureofattachments.

Analysisof schlierenphotographsandotherdatainvolvingunsteady
flows(forexample,ref.4) indicatesthat-motionpicturesata rateof
about10,000framespersecond,withexposuresofa fewmicroseconds,
wouldbeneededtodefinecompletelythetimehistoryof1 cycleofan
oscillatoryattachment.Theavailableinformation,unfortunately,was
limitedto 300frsmespersecond.Thephotographsshowninfigure33,
however,canprovideInformationonthesubjectsincethechordwisevaria-
tionsintheheightoftheseparationboundaryabovethechordlinecanbe
consideredindicativeofthevariationswithtimeintheangularextentof
separation(angleofmixingboundarywithreferencetotheairfoilatany ,
givenchordwisedistance).

Theflowatthedownstreamedgeofthephotographsshowninfigure33 “
wasattheleadingedgeoftheairfoilabout4 millisecondspriortothe
timeofexposure.InframesdesignatedA-3,B-2,B-4,C-2,C-4,D-2,D-4,
(noteblankatC-3)offigure33theheightoftheseparationboundary
indicatesthata largeangularextentofseparationexistedattheleading
edgeabout3 millisecondspriortotheexposure.Theabruptdecreasein
theheightoftheboundaryupstreamindicatesthattheangularextentof
separationwaseliminatedinapproximately0.1 millisecond.A comparison
oftheheightoftheboundariesabovetheforwardpartofthemodelin
theseframeswiththeboundaryheightsforcompleteseparation(forexam-
ple,frsmesA-1,B-1,andC-1)indicatedthatboththechordwiseand
angularextentofseparationincreasedsomewhatmoreslowlytotheinitial
state.Theresultsshownin figure 33tendto confirmtheexplanationof
unsteady-flowattachmentbasedondynamicconsiderations.

Theoscillatoryattachmentpersistsuntiltheattitudeoftheairfoil
ora componentischanged,untilthestreamWch numberisincreasedso
thateitherthebackpressureortheshockstrengthisdecreased,oruntil
theshockIsmovedrearwardontheai.rfoii””toa positionsuchthatthe
accompanyingseparationcannotaffecttheflowattheleadingedge.Flow- -
attachmentoscillationsthencease,butfiowandshockoscillationson
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theairfoilsurfaceusua~ypersistuntiladditionalchangesoccurin
thesesamefactors.

Photographsoftheflowpasta 9-percent-thickairfoilhavinga
30-percent-chordtrailing-edgeflapsup~rttheprecedingdeduction.
At anangleof attackof10°andatvariousflapdeflections,oscil-
latingattachmentwasobservedasfollows:

—

Flapdeflection Machnuuiberrange

+8° (down) 0.14

0° .10

-5°(up) .03

Figure34illustratestheflowsobservedfortheflapdeflection-n
of 5“.

FlowAttachmentinThree-DhensionalFlows

Theprecedingdiscussionoftransonic-flowattachmenthasbeen
confinedtotheflowpasttwo-dimensionalairfoils.Inorderto examine
possibleeffectsofaspectratio,a studywastie oftheflowpasta
bodyofrevolutionbecausethisbodycanbe consideredtorepresenta
modelofverylowaspectratio.Thebodyusedwasa cylinderwhich .
hada lengthapproximatelyequalto thediameter.Thecylinderwas
supportedatthe0°angleofattackwiththeaxisofthecylinder
paralleltothefreestream.Thetwoendswerecutoffperpendicular
to theaxis,andtheedgeoftheforwardendwasrounded.Theflow
pastthismodelwasexsminedwiththemodelina smoothconditionand
withroughnessontheroundededge. !lheflowphotographsinfigure35
showthatattachmentoccurredabruptlyonthismodel.Thissameabrupt-
nesswasalsoobservedforbluntairfoils.A comparisonoffigure35(a)
withfigure35(b)showsthatroughnesscausedtheMachnumberfor
attachmentto increase.Thiseffectisthesameas thatobtainedon
theairfoils,althoughtheMachnumberincrementproducedby roughness
islargerforthebodyofrevolution.Theresults,in general,indicate
thattransonic-flowattachmentisnota phenomenonconfinedto two-
dimensionalairfoilsbutcanbe encounteredinthree-dimensionalflow
aswell.
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CONCLUDINGRXMARKS

.

Schlierenphotographshavebeencompiledofthetwo-dimensional
flowpast37airfoilshavingvariouslyshapedprofiles,someofwhich
arerelatedandvaryinthicknessandcamber.Thedatawereanalyzed
toprovidebasicinformationontheflowchangesinvolvedintransonic-
flowattachment,whichisa transitionfromseparatedtounseparatedflow
attheleadingedgesofairfoils, andtodeterminefactorsaffectingthe
flowchange.

TheanaQsis,whichisinagreementwithpreviousresults,shows
thattheflowattachmentoccursbecauselocalregionsof supersonic
flowontheuppersurfacedecreasetheupwashinfrontofthemodeland
becausetheforwardextensionofthesesupersonic-flowregionsalong
theairfoiltothevicinityoftheleadingedgepermitsa supersonic
typeofexpansionto occuraroundtheleadingedge. Theresulting
expansionvariesinextentfromanexpansionjustsufficienttoflow
aroundmoderatelyshapedleadingedgesto overe~ansionsrequiring
obliqueshockstoredirecttheflowalongthesurfaceofairfoils
havingbluntorsharpleadingedges.~e.attachmentoccursabruptly
or inanoscillatorymsmnerovera Machnumberrangewhentheleading
e~geiseithertoobluntortoosharp.TheMachnumberrangefor
oscillatoryattachmentincreasesasthesurfaceconvexityoftheair-
foilisincreased.Abruptflowattachmentcanoccurindependentlyof
shock—boundary-layerinteraction.Shock-boundary-layerinteraction,
however,isthema~orfactorthatcontributestotheoscillatory
natureofattachments.

A studyoftheflowpasta blunt-nosedbodyof revolutionshows
thatthetransonic-flowattachmentoccursalsointhree-dimensional
flows.

LangleyAeronauticalLaboratory,
NationalAdvisoryConnnitteeforAeronautics,

IAngleyField,Vs.,Novembr29,1957.
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16-004

64Ao04
6zMo4

TABLEI.-MODELS

(a)SywetricalNACAairfoils

16-006 16-009 16-012
63Ao09

64Ao06 6UO09 641A012
65Ao06 65ACQ9
66-006
0006-63 cmg-44
2-006 0009-54
4-006 ooog-64
(b)CamberedNACAairfoils

64&m6 64A*
16-206 16-5u6
16-23.2 16-512
(c)Miscellaneousshapes

LocationofLeading-edge-b
Model Profile shapeor

notation included thickness,
angle percent

chord

6-w-3 6-percent-thicksymmetrical.wedge 11.4°
6-w-7 6-percent-thicks~etricalwedge 4.p $
lo-w-5 10-percent-thick 11.4~ w

symmetricalwedge
13-w-6.6 10-percent-thicksymmetrical 11.4° 66

wedge,trailingedgecutoff
2O-W-1O 20-percent-thick 11.4° 100

singlewedge
6-c-3 6-percent-thicksymmetrical 23.3° 30

circulararc
6-c-5 6-percent-thicksymmetrical 13.8° 50

circulararc
6-c-7 6-percent-thicksymmetrical 9.8° 70

circulararc
1:1 2-percent-thickflatplateor 1:1ellipse ---

slab
4:1 2-percent-thickflatplateor 4:1ellipse —-

slab
10:1 2-percent-thickflatplateor 10:1ellipse ---

slab
10:1 6-percent-thickflatplateor 10:1ellipse ---

slab
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d

TABLE II.- LEADING-EDGERIUXtUSINDEXANDTESTFACILITY

Airfoil
~ l/2

()
!Dsstedinfacility

T showninfigure-

16-004 0.140 l(d)
6YIO04 .lfj8 l(:{i~d)
64ACQ4 .163
16-006 .171 l(d)

16-206 .171, l(d)
16-506 .171 l(d)
66-006 .193 l(a)
65AO06 .195 l(b),(d)

64Ao06 .202 l(b)
64A206 .202 l(b)
64JvyJ6 ●202 l(b)
16-009 .ao l(b),(d)

0009-44 .ao l(a)~[g],(d)
10:1 .224
65Ao09 .239 l(;~$~d)
16-012 .242

16-2M? .242 l(d)
16-5L2 .242 l(d)
64A009 .248 l(b)
0006-63 .258 l(a)

63Ao09 .258 l(b)
0009-54 .260 l(a)~~:],(d)
;4~612 .288

.304 l(c),(d)

0009-64 .315 l(;~;~d)
4:1 ●354
2-006 .366 l(;{;;d)
1:1 .707

Reference

Unpublished
4,Unpublished
5
Unpublished

Unpublished
Unpublished
1
4,Unpublished

y,20
5,20
5,20
4,Unpublished

18,Unpublished
8
4, 5,Unpublished
Unpublished

Unpublished
Unpublished
5
1,17

5
18,Unpublished
5
Unpublished

18,Unpublished
8
Unpublished
8
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(b) M = 0.70.

- _____ -

(d) M = 0.75.

(f) M = 0.8Qc

.

.

L-57-2161
wmsonic-flowattachmentona 6-w-7airfoil.

a= 595°”
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6-w-3
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6-w-7

--

6-c-3 6-c-5

—.. .-

Figure3.-Flowattachmenton
a = 4°;

6-c-7
L-57-2162

varioussupersonic-typeprofiles.
M= 0.83.
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FigureI-1.-Concluded. .
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NACA64Ao06 NACA64A206 NACA64Ax6

Figure12.- Flowpastcamberedairfoils.~ = O“. L-73049.1
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MACA65Ao04airfoil
==40

Figure14.- Thedecay
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